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GROUND-WATER QUALITY AND GEOCHEMISTRY OF AQUIFERS ASSOCIATED 

WITH COAL IN THE ALLEGHENY AND MONONGAHELA FORMATIONS,

SOUTHEASTERN OHIO

By Allan C. Razem and Alan C. Sedam

ABSTRACT

Ground water from aquifers associated with coal beds in the 
Allegheny and Monongahela Formations in southeastern Ohio is 
predominantly a calcium magnesium bicarbonate type. Sodium 
bicarbonate type water is less common. Isolated areas of sodium 
chloride and calcium sulfate types also are present. The water 
is predominantly very hard, and has a median hardness concentra 
tion of 258 milligrams per liter as calcium carbonate and a median 
dissolved-solids concentration of 436 milligrams per liter. Few 
wells contain water with dissolved-solids concentrations in excess 
of 1,000 milligrams per liter.

Bicarbonate concentration in ground water was found to be 
significantly different among coals, whereas concentrations of 
bicarbonate, hardness, calcium, magnesium, sodium, iron, man 
ganese, and strontium were significantly different between ground 
water in the Allegheny and Monongahela Formations. Many constit 
uents are significantly correlated, but few correlation coeffi 
cients are high.

The presence of sulfate or iron is attributed to the kinetic 
mechanism operating during the oxidation of pyrite. The position 
along the sulfide or ferrous-iron oxidation pathways controls the 
reaction products of pyrite found in solution, and the formation 
of either the sulfate or iron constituents. The availability and 
rate of diffusion of oxygen in the formations exerts control on 
the water quality.

Discriminant-function analysis correctly classifies 89 per 
cent of the observations into the Allegheny or Monongahela Forma 
tions. As a verification, 39 of 41 observations from another 
study were correctly classified by formation.

The differences in water chemistry between the Allegheny 
and the Monongahela Formations are gradational and are attributed 
to the oxidation of iron sulfide. The diffusion and availability 
of oxygen, which controls the chemical reaction, is regulated by 
the porosity and permeability of the rock with respect to oxygen 
and the presence or absence of carbonates, which controls the pH.



INTRODUCTION

Ground water generally is not available in large quantities 
in southeastern Ohio, but it is the most readily obtainable water 
for most of the rural and village populations. Ground water is 
also the source of base flow of streams, and directly affects 
quantity and quality of most streams in southeastern Ohio. One 
of the major impacts on the ground-water system in southeastern 
Ohio is surface mining of coal. An assessment and prediction of 
the consequences of surface mining on ground water is difficult 
because chemical-quality data are sparse.

Purpose and Scope

The purpose of this report is to describe the water quality 
and the principal geochemical controls of water quality in sur- 
ficial aquifers associated with coal in the Allegheny and 
Monongahela Formations in southeastern Ohio (fig. 1).

One hundred ground-water-quality samples were collected from 
wells completed in the Monongahela and Allegheny Formations, the 
two principal coal-producing formations in southeastern Ohio 
(fig. 2). Sixteen samples each were collected from aquifers 
associated with the Lower Kittanning (No. 5), Middle Kittanning 
(No. 6) r and Upper Freeport (No. 7) coal beds of the Allegheny 
Formation and the Meigs Creek (No. 9) and Uniontown (No. 10) coal 
beds of the Monongahela Formation. Fifteen samples were collected 
from aquifers associated with the Pittsburgh (No. 8) and five sam 
ples from the Waynesburg (No. 11) coal beds of the Monongahela 
Formation.

Sampling Strategy and Methods

Samples were collected from the uppermost aquifer associated 
with each coal bed; well depth typically ranged from 50 to 
100 feet. A coal-associated aquifer, for the purposes of this 
study, is defined as an aquifer in which the identified coal 
either is the producing zone or directly overlies the producing 
zone. Samples were collected from domestic wells that penetrated 
only one coal bed. Aquifers and associated coal beds were identi 
fied by field checking drillers' logs with topographic maps, geo 
logic maps, and mineral-resource maps. Well owners also provided 
information in some cases.

Samples were collected from domestic wells at the tap nearest 
the well after a sufficient amount of water had been removed to 
ensure a sample representative of the aquifer. Field measurements 
of temperature, specific conductance, alkalinity, and pH were 
made.



i CARROLL

I TUSCARAWAS

i

^ )
_ _iJE.FFERSON \

\ <;

10 20 30 MILES

0 10 20 30 KILOMETERS I
i____i____i____i .  i82° r HARRISON

I / 
i /

1 _ _ _ _ _I

40-1 MUSKINGUM ' GUERNSEY BELMQNT

x_. L

I r
rr-

i_ PERRY ,    -  NOBLE

-J

HOCKING /

MONROE \

r
MORGAN ' i-

J WASHINGTON

ATHENS L, C
L_.

VINTON /
  r

,L ^_ i~

MEIGS

6'

f^ase From U.S Geological Survey 
Stale Base Map 1975

Figure 1. Location of the study area.



81

i CARROLL~~1

Tu*45
TUSCAIftA^AS

_ _1J_E_FFERSON ; 

i O OJe-91 '

10 20 30 MILES 

"0 "~l6 2Q 30 KILOMETERS

T *+
Til -41

4

J-43
r
F

till

82

Mu-46

-76 

Gu-77 '

0 
Je-93

Je-94

N -0

D

Gu-81 
Gq-75 I AGu-74

I MU-47A GuJBO   
40°- MUSKINGUM '

Gu.72A -: DB -25 B~

Pe-37 I

"] Pe-31* ! 

i Pe-33A

s

Mu-42 Mu-44 r
N-11

NOBLE

-J *Pe-34

l

MONROE \
\

At Wa-61 Wa-55

At-59. AAt-51 At-66q DWa-52

OAt-55

V-88»

A Me-2l

"~
MEIGS

-«

V '"
6'

Base from US Geological Survey 
Stale Base Ma p, 1975

EXPLANATION

Well sampling site, number refers to the 
local number with county prefix (see 
table 1). Aquifers are associated with 
the indicated coal bed.

oc
 °° No. 5 coal bed

A67 No. 6 coal bed 
_46
  No. 7 coal bed

56 
O No. 8 coal bed

59 
A NO, 9 coal bed
n51 No. 10 coal bed 

O 52 No, 11 coal bed

Figure 2. Location of the wells sampled and the associated coal in the study area.



Samples collected for analyses of dissolved constituents 
were filtered in the field using a 0.45-micrometer filter. Sam 
ples were treated (U.S. Geological Survey, 1977) and chilled in 
the field and sent to the U.S. Geological Survey laboratory in 
Doraville, Ga. f for analysis.

HYDROGEOLOGIC SETTING OF SOUTHEASTERN OHIO 

Phys iog raphy

The study area lies principally within the unglaciated 
Allegheny Plateau (Fenneman, 1938). The Wisconsin (most recent) 
glacial advance stopped at the extreme northern and western edges 
of the study area. Only the northwestern part of Perry County 
(fig. 3), which was covered earlier by the Illinoian glacial 
advance, has been glaciated.

Erosion of the glaciated area has resulted in a land surface 
that resembles the rugged, more maturely dissected terrain char 
acteristic of the unglaciated region. Throughout southeastern 
Ohio, local relief ranges up to 500 feet.

The outcrop pattern from west to east is a progression of 
older-to-younger units that trend north-northeast. The rocks have 
a regional southeastern dip of about 30 feet per mile toward the 
Appalachian basin. The regional trend of the Pennsylvanian rock 
system is modified locally by numerous low structural features 
(Lamborn, 1951, p. 13).

Geology 

Lithology and Stratigraphy

The bedrock of southeastern Ohio is a sedimentary sequence 
that consists predominantly of shales, sandstones, and limestone 
ranging from Mississippian to Permian in age. Most of the study 
area (fig. 3) is comprised of a complex repetitive succession of 
shales, sandstones, limestones, coals, and clays of Pennsylvanian 
age. The carbonate content increases from the older to younger 
Pennsylvanian rocks; therefore, the Monongahela Formation contains 
more carbonates than the Allegheny Formation. The lithologic 
character of the principal units and the relative positions of 
the important coals are shown in figure 4.

The designation of the Pottsville, Allegheny, Conemaugh, and 
Monongahela as "Formations" follows the usage of the U.S. Geolog 
ical Survey. Many geologists in Ohio classify the same units as 
groups. Collins 1 review of Ohio geology (1979) explains the cri 
teria used to classify the Mississippian, Pennsylvanian, and 
Permian systems in Ohio.



10 20 30 MILES 

0 Ll(j 21F1 30 KILOMETERS

Modified after 
Bownocker (1981)

Base Prom US Geoiogical Survey 

State Base Map> 1975

EXPLANTION

xxxxxx Limit of glaciation

Permian and Pennsylvanian Systems
Dunkard Group 

Pennsylvanian System
Monongahela Formation

Conemaugh Formation 

LJJ Allegheny Formation 

Pottsville Formation

Mississippian System 
Undifferentiated

Figure 3. Surficial geology in southeastern Ohio.



1"

System

s
I0
0.

 

S 2§... C CO
X ed -a n E
c c E
C « « 
0  £ 0.
o.

CO

1
>">.
n
c
c
O 
Q.

.5'a
a "5
_w*n
CO

I

Group,
Forma
tion

ga a>
S £
5 °
I. c o oI- *J cd a
e E
^ £
Q S

$

d"3

 
D>e
§o

£
O

cd

i
o
O

>.
c 
o
£a>
9

<

9
">

CO1-1

o
a.

 o 
a>
57c 
o
o
Si
S
z>

Description

Mostly red shales and thin limestones, localized coals
and sandstone bodies. Present only in small areas.

Sandstones, shales, and minor coals. Sandstones are typ
ically micaceous, fine to medium grained, and have thin
conglomeratic zones. Locally, sandstones may be massively
developed.

Important coal-bearing strata and associated beds of clay.
shale, sandstone, and limestone. Sandstones tend to be
fine to medium grained, micaceous, and patchy in develop
ment. Compared to other Pennsylvanian units, the
Monongahela has a smaller proportion of sandstone and a
larger proportion of limestone. Limestones tend to be
marly, freshwater types. Secondary porosity along frac
tured surfaces is well developed locally.

Thick repetitious succession of shales and patchy sand
stones interspersed with thin, discontinuous coals and
clays and widespread limestones. The lower limestones
are of marine origin, whereas those in the upper part
are marly, freshwater types. Secondary porosity along
fractured surfaces is well developed locally.

Repetitious succession of important coal-bearing strata
interspersed with several fine to coarse-grained massive,
cross-bedded sandstones and thin, persistent limestones.
Sandstones, though widespread, have considerable local
lateral variation. Solution cavities are developed
locally in the limestones.

Succession of sandstone, shales, clays, coals, and thin
limestones. Locally, sandstones are open-textured.
conglomeratic, massive, cross-bedded, and commonly are
found as deposits filling old channels in eroded
terrains. Lateral gradations include shale and coal.
Non-deposition during the Early Pennsylvanian precluded
the development of the basal conglomerate of the Sharon
Member in most of southeastern Ohio.

Thin, discontinuous zone of impure nodular iron ore and
ferruginous sandstone. The unit marks the disconformity
between Mississippian and Pennsylvanian strata. Age of
the deposit is conjectural, but generally it is included
at the base of the Pottsville Formation.

Variable sequence of sandstones and shales; Maxville
Limestone is present in patches at the top. In places,
various units are conglomeratic and sandstones are
massive. Lateral and vertical gradation to siltstone
and shale is common. Ground-water potential is limited
to extreme western areas. Eastward, the section con
tains salt water. To the north, post-Mississippian
erosion has removed part of the section.

Important coal beds

No. 12 Washington

No. 11 Waynesburg
No. 10 Uniontown
No. 9 Meigs Creek
No. 8 Pittsburgh

No. 1 Upper Freeport
No. 6A Lower Freeport
No 6 Middle Kittanning
No. 5 Lower Kittanning
No. 4A Clarion
No. 4 Brookville

No . 3 Lower Mercer
No . 2 Quakertown
No . 1 Sharon

Figure 4. Generalized geologic section for southeastern Ohio.



Approximately 24 beds of minable coal in 32 counties have 
been identified (Brant and Delong, 1960, p. 3). According to fig 
ures given for the estimated original reserve for Ohio (Brant and 
Delong, 1960, p. 5), the coals listed in figure 4 constitute 
92 percent of the State's original reserves. The coals selected 
for their association with aquifers in this study comprise 76 per 
cent of the original reserves. Ranked in order of their current 
economic importance (Collins, 1979, p. 22) are the Pittsburgh 
(No. 8), Meigs Creek (No. 9), Middle Kittanning (No. 6), Lower 
Freeport (No. 6A), and the Waynesburg (No. 11) coals. Much of the 
Lower Kittanning (No. 5) and Upper Freeport (No. 7) coals have 
been mined out.

The coal units considered in this study were selected on the 
basis of economic importance, accessibility, and availability of 
geologic data. Therefore, the investigation is mainly concerned 
with the Allegheny and Monongahela Formations. Coals in the 
Conemaugh Formation and the Permian section are too sparse to be 
considered in this study.

Depositional Environment

Branson (1962, p. 3) suggests that classification of the 
paleogeographic setting of the Pennsylvanian System should include 
four distinct facies: Basinal, reef, platform, and continental. 
The latter two facies characterize the section in Ohio.

The disconformity between the Mississippian and basal 
Pennsylvanian units is a pronounced break in the sedimentary 
section of Ohio. Much of east-central Ohio is thought to have 
been at a higher elevation than areas to the northeast and to the 
south where thick basinal facies of coarse elastics were accumu 
lating in separate basins of the Appalachian geosyncline (Fuller, 
1955). These basins later coalesced when the sediments encroached 
upon the shallower continental platforms that underlie the Ohio 
part of the Pottsville Formation (Stearns and Mitchum, 1962). 
The Pottsville section in Ohio is relatively thin compared to 
the Appalachian geosynclinal basin sections.



Stout (1931) recognized the Pennsylvanian System as a three 
fold division involving seven basic cyclothems as the sequence 
passed from marine to nonmarine conditions. The divisions are 
based on depositional environment   that is, whether the lime 
stone beds were of marine or nonmarine origin.

Formation Bed
Depositional 
environment

Upper Monongahela

Middle

'Conemaugh

Allegheny

Lower Pottsville

No. 11 Waynesburg coal
No. 10 Uniontown coal
No. 9 Meigs Creek coal
No. 8 Pittsburgh coal

Skelley limestone

No. 7 Upper Freeport coal 
No. 6 Middle Kittanning coal 

Hamden limestone ; 
No. 5 Lower Kittanning coal 
No. 4 Brookville coal

No. 1 Sharon coal 
Harrison ore

Non-marine

Transitional

Marine

On the basis of formation thickness, Stout and others (1943) 
noted that the Pottsville contains 42 percent sandstone, the 
Allegheny contains 40 percent, the Conemaugh less than 30 percent, 
and the Monongahela only about 15 percent. The Lower Pennsylva 
nian sandstones were cleaner, and contained as much as 99 percent 
silica in basal Pottsville sediments. In the Monongahela, miner- 
alogical content of sandstones ranged from 62 to 90 percent 
quartz, 2 to 21 percent undifferentiated clay and silt minerals, 
0.1 to 1 percent heavy minerals, 2 to 10 percent feldspar, 1 to 
8 percent mica, and 1 to 9 percent rock fragments (Collins, 1979, 
p. E14). Thus, the nonmarine sediments of the Late Pennsylva 
nian were less quartzitic and more shaly.



Generalized Ground Water Flow Systems in Strata 

Associated with. Coal

In general, bedrock aquifers of southeastern Ohio are charac 
terized by low yields (generally less than 5 gallons per minute). 
The lenticular nature of many stratigraphic units restricts hori 
zontal flow of ground water. However, horizontal flow is gen 
erally not as greatly restricted as vertical flow. Downward 
drainage of saturated zones is inhibited by underlying clay 
layers or shale; thus, ground water is likely to move laterally 
toward hillside springs or seeps (fig. 5). In turn, these dis 
charges may infiltrate lower units or be carried as surface 
runoff to some point where water returns to the aquifers by 
losing streams.

Because of the rugged topography in the region, many of the 
shallow water-bearing units have been dissected into isolated rem 
nants of what were once areally extensive strata. There are no 
regional aquifers that contain water of potable quality in south 
eastern Ohio. Sandstones of Mississippian age and some of the 
Pottsville sandstones, which are regional aquifers in other parts 
of Ohio, are saline in southeastern Ohio. The most persistent 
units are the Pennsylvanian limestones, but these are thin; 
secondary permeability, such as fractures and joints, is 
localized.

GROUND-WATER QUALITY OF AQUIFERS IN THE ALLEGHENY AND

MONONGAHELA FORMATIONS

The discussion of the ground-water quality in this report 
focuses on the major inorganic constituents and selected minor 
constituents and properties. Samples generally represent natural 
conditions, however, a few analyses show apparent contamination 
(indicated by high concentrations of chlorides, sulfates, and 
other constituents) at some sampling sites.

General Description

The variation in geology throughout the study area is one of 
influences on variability of ground-water quality. The effects of 
the geology on the distribution of the water-quality characteris 
tics will be discussed in later sections, but some generalizations 
can be made here.

The water type of the shallow aquifers generally is calcium 
magnesium bicarbonate. Sodium bicarbonate and mixed bicarbonate 
sulfate types are less common (fig. 6). The measured hardness 
ranges from 1 mg/L to 3,113 mg/L; the median value is 258 mg/L as

10
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o Monongahela Formation

Figure 6. Water-analysis diagram showing ground-water-quality characteristics of 
selected aquifers associated with coal in southeastern Ohio.
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calcium carbonate, which is classified as very hard water. The 
median observed value for dissolved-solids concentration in the 
study area is 436 mg/L. The Ohio Environmental Protection Agen 
cy's recommended limits (1978) for public supply were exceeded for 
sulfate (250 mg/L) in 17 percent of the samples; manganese 
(0.05 mg/L), in 34 percent of the samples; iron (0.3 mg/L) , in 
19 percent of the samples; fluoride (1.8 mg/L) in 5 percent of the 
samples; chloride (250 mg/L), in 4 percent of the samples; and 
dissolved solids (500 mg/L) in 38 percent of the samples. The 
chemical analyses for samples from each well are presented in 
table 1 (at back of report). Summary statistics for the various 
properties and constituents by formation are presented in table 2.

A good indicator of general water quality is dissolved 
solids. Figure 7 shows the distribution of dissolved-solids con 
centration across southeastern Ohio. Most of the study area has 
shallow aquifers that contain fresh water. Fresh water is de 
fined as having a dissolved-solids concentration of less than 
1,000 mg/L. Only a few sites yield water having a dissolved- 
solids concentration of more than 1,000 mg/L. These high values 
can be attributed to oil- and gas-well drilling or road salt (high 
chlorides), mining activity (high sulfates, iron, and manganese), 
agricultural or domestic wastes, or natural deposits.

An inexpensive, rapid method for estimating dissolved-solids 
concentration is measurement of specific conductance. A linear 
relation exists between specific conductance and dissolved solids 
under most conditions. The numerical value for dissolved-solids 
concentration, in milligrams per liter, generally is 0.55 to 0.75 
the value of specific conductance in microsiemens per centimeter 
(/uS/cm) at 25°C (Hem, 1970, p. 99). In southeastern Ohio, these 
two characteristics form a linear relation in regression analysis 
such that the dissolved-solids concentration of water from shallow 
aquifers is 0.71 times the value of the specific conductance 
(fig. 8). Ninety percent of the variation in the data is ex 
plained by this relation. The relation becomes less useful when 
specific conductance increases to more than 1,600 pS/cm, probably 
because of high concentrations of sulfate and chloride. The 
linear relationship is useful in extrapolating analyses to other 
areas in southeast Ohio where comprehensive results are unavail 
able, or for quick reconnaissance of large areas.

Relationships among specific conductance and other constit 
uents such as sulfate, hardness, and chloride are less well de 
fined. This is attributable to the variable geology, which causes 
different concentrations of ions to be present in the ground 
water.

13
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Analysis of Geologic and Geochemical Controls

Statistical and graphical methods were used to evaluate 
water-quality data in an attempt to characterize geologic forma 
tions and coal-associated aquifers. The complex lithofacies 
changes caused by numerous transgressions and regressions during 
deposition made classification by simple, univariate statistics 
difficult; therefore, several statistical techniques   including 
analysis of variance, correlations, and discriminant-function 
analysis   were used.

In this study, analysis of variance was used to determine 
whether there are significant differences in selected constituents 
between coals within each formation and between formations. Bi 
carbonate is the only constituent that is significantly different 
between coals in both formations. Constituents that are signifi 
cantly different at a significance level of 0.^5 between forma 
tions are bicarbonate, hardness, calcium, magnesium, sodium, iron, 
manganese, and strontium. As mentioned previously, the Mononga- 
hela Formation contains more calcareous rocks than the Allegheny 
Formation. The dominant depositional environment of the Mononga- 
hela Formation was freshwater, whereas the depositional environ 
ment of the Allegheny Formation was predominantly marine, grading 
into a transitional phase between marine and nonmarine.

Concentration of ionic constituents associated with carbon 
ates consistently show higher median values in the more calcareous 
Monongahela Formation than in the more siliceous Allegheny Forma 
tion (tables 2 and 3, fig. 9). These constituents include bi 
carbonate, hardness, calcium, magnesium, and strontium. Higher 
median values of iron and manganese (table 3) from aquifers 
associated with the Lower Kittanning (No. 5) and Middle 
Kittanning (No. 6) coal beds of the Allegheny Formation are 
attributed to dissolution of sediments deposited in a reducing 
marine environment.

Spearman correlation coefficients were calculated for 
19 selected properties and chemical constituents (table 4) to 
determine which of them are significantly correlated at a level 
of O.Q5. Although many significant correlations exist, few cor 
relation coefficients are high. The calculated constituents, such 
as dissolved solids and hardness, obviously have the highest cor 
relations with the constituents from which they were calculated.

Discriminant-function analysis (Davis, 1973) was used to pre 
dict the geologic formation on the basis of water quality. The 
high degree of accuracy of predictions made during calibration and 
verification of the discriminant-function analysis supported the 
concept that distinct geochemical processes were responsible for 
the dominant chemical constituents in each formation.
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Table 3. Median values of selected ground-water-quality characteristics
from coal-associated aquifers in the Allegheny and Monongahela

Formations in southeastern Ohio

[< indicates concentration was below detection limit.]

Constituent 
or 

property

Number of samples   

Specific conductance 
(us/cm at 25 °C)    

pH                  

Bicarbonate (mg/L)   

Nitrogen, NO? + N03 , 
dissolved (mg/L)   

Orthophosphorus (mg/L) 

Organic carbon,
total (mg/L)       

Hardness, as CaC03
(mg/L)          

Noncarbonate hardness, 
as CaC03 (mg/L)   

Calcium, dissolved
(mg/L)           

Magnesium, dissolved
(mg/L)            

Sodium, dissolved
(mg/L)           

Potassium, dissolved- 

Chloride, dissolved
(mg/L)            

Sulfate, dissolved
(mg/L)            

Fluoride, dissolved
(mg/L)           

Silica, dissolved
(mg/L)            

Iron, dissolved
(ug/L)            

Manganese, dissolved
(pg/L)          

Strontium, dissolved 
(uq/L)           \ r*3/ '

Hydrogen sulfide

Geoloaic formation
Allegheny Formation

No. No. 
5 6

16

655 

7 

245

<

1 

165 

14 

48 

11

103 

2

17 

125

10 

70 

72 

330

<-

16

572 

.7 7.2 

242

.1 < .1

.6 

196 

27 

53 

15

17 

.5 1.2

7 

51

.4 .3 

14 

130 

73 

570 

i <r i

No. 
7

16

982 

7.4 

395

< .1

.8 

234 

22 

60 

20

57 

2.4

23 

73

.4 

9 

26 

26

470

^ i

and coal-bed number
Monongahela

No. 
8

15

670 

7.4 

360

.7 

260 

32 

72 

19

27 

1.6

13 

56

.2

10 

14 

16 

660

^ ^

NO. 
9

16

757 

7.4 

375

1.0

<.o

.6 

309 

52 

90 

24

24 

1.1

12 

69

.2 

10 

16 

5

670

«£T i

Formation

No. 
10

16

685 

7.4 

315

1.7

.7 

320 

50 

73 

27

25 

1.5

10 

115

.2 

12 

32

7

805 

<r* i

Solids, sum of 
constituents, 
dissolved (mg/L)   461 339 651 417 496 444
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Figure 9. Variations of median values of selected water-quality constituents 

with coal beds and geologic formations in southeastern Ohio.
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This multivariate method allows the complex geology and multiple 
processes to be evaluated in such a way that a weighted combina 
tion of all the geochemical variables is reduced to an equation 
that maximizes the chemical differences in ground water between 
the formations.

A quadratic discriminant-function equation gave better re 
sults than a linear equation, so all findings are from a quadratic 
equation. The analyses from the 95 water-quality samples from the 
coal-related aquifers were used for constructing and calibrating a 
quadratic discriminant equation. No further analysis was made of 
aquifers associated with the Waynesburg (No. 11) coal bed of the 
Monongahela Formation because only five water-quality samples were 
obtained. Forty analyses from 11 wells from another project (U.S. 
Bureau of Mines, 1978) in the study area were used to verify the 
reliability of the equation. The discriminant-function analysis 
was also used to determine the minimum number of water-quality 
variables needed for acceptable classification.

Thirteen water-quality constituents and properties were used 
to produce a discriminant function. The 13 constituents and 
properties are:

specific conductance potassium
pH sulfate
bicarbonate fluoride
noncarbonate hardness iron
calcium manganese
magnesium hydrogen sulfide 
sodium

Although using more variables would have resulted in a better 
equation (fewer misidentifications), these 13 constituents and 
properties are commonly analyzed in studies of ground-water 
quality. Fewer variables produced an equation with an unaccept- 
ably high rate of misidentif ications (more than 10) during 
calibration.

During calibration of the discriminant model, only 10 out of 
95 observations were misclassified; only 2 out of 41 observations 
were misclassified during verification.

The high percentage of correctly classified observations 
indicate that there are geochemical processes unique to the 
Allegheny and Monongahela Formations. Some constituents, such as 
sodium and chloride, probably are not unique to either formation 
but rather are the result of local contamination. Other geochem 
ical processes that result in combinations of certain constituents 
probably are dominant only in one formation. For example, iron 
and manganese are usually in higher concentration in the reducing 
environment of the marine shales and sandstones of the Allegheny 
Formation, whereas sulfate concentrations are high in the carbon 
ate aquifers of the Monongahela.
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CONCEPTUAL GEOCHEMICAL MODEL OF THE ALLEGHENY 
AND MONONGAHELA FORMATIONS

A conceptual geochemical model shown in figure 10 describes 
the gradational geochemical processes that dominate each forma 
tion. The model, which is based on oxidation of pyrite, uses 
oxygen as the oxidizing agent because the other oxidizing agent, 
ferric ion, is insoluble in the neutral or basic water usually 
found in the study area (Nordstrom, 1982). Production of iron and 
fully oxidized sulfate is dependent on the availability and dif 
fusion of oxygen to the pyrite disseminated in the rocks. The 
porosity and permeability of the formations, as well as consump 
tion of oxygen during oxidation processes of the formations, 
limits oxygen availability for pyrite oxidation.

The kinetic mechanisms and reaction pathways that determine 
whether the iron or sulfate processes will be dominant can be 
expressed by the overall reaction:

15 7 
(1) FeS 9 +   Oo +    HoO =^Fe(OH)o + 4H+ +

The ferrous iron oxidation pathway is expressed as:

(2) FeS2 =^Fe2+ + S2 2 ~

1 1
(3) Fe2+ + - 09 + H+ =^ Fe3+ + - H9 0 

4 * 2 Z

(4) Fe3+ + 3H20=^ Fe(OH) 3 + 3H+ 

and the sulfate oxidation pathway is:

(5) S 2 2+ + - 02 =>S2 03 2"
£+

(6) S 2 03 2" + 202 + H20=^2S04 2" + 2H+

Both formations contain pyrite. With the introduction of 
oxygen, the pyrite will dissolve and initially release ferrous 
iron (reaction 2) and sulfide (Nordstrom and others, 1979). As 
the availability of oxygen increases, the sulfur is partially 
oxidized to an intermediate thiosulfate species (reaction 5); if 
enough oxygen is present, sulfate is produced (reaction 6). When
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the sulfur is oxidized to sulfate, the pH would be expected to 
drop (Nordstrom, 1982); however/ the carbonate rocks in the 
Monongahela Formation buffer the reaction. Because the pH remains 
near neutral, ferric iron is insoluble.

The initial oxidation of pyrite releases the ferrous iron, 
but the sulfur remains at the mineral surface (Nordstrom, 1982). 
The tight shales and other elastics inhibit the diffusion of 
additional oxygen, which would react to form intermediate sulfur 
species and eventually produce sulfate.

During mining operations and subsequent exposure of large 
surface areas of bedrock to oxygen, the Allegheny Formation may be 
especially susceptible to pyrite oxidation. First, an unstable 
sulfur rind is quickly oxidized, producing acid and sulfate. 
Second, there is more pyrite available for oxidation because the 
undisturbed formation retards oxygen movement more than spoils 
material. Third, significant amounts of carbonate rocks are not 
available to buffer acid production and, if pH drops, ferric ion 
becomes an oxidizing agent regardless of whether oxygen is present 
or not.

SUMMARY AND CONCLUSIONS

One hundred ground-water quality samples were collected from 
domestic wells in southeastern Ohio to describe the water quality 
and geochemical controls of surficial coal-associated aquifers in 
southeastern Ohio. The samples were collected from aquifers asso 
ciated with the coal beds of the Allegheny and Monongahela 
Formations.

The waters of the shallow, coal-associated aquifers in south 
eastern Ohio generally are calcium magnesium bicarbonate in type; 
a sodium bicarbonate type is less common. The water is predomi 
nantly very hard (median hardness concentration of 258 mg/L as 
calcium carbonate) and has a median dissolved-solids concentration 
of 436 mg/L. Only isolated areas yield water having dissolved- 
solids concentrations of more than 1,000 mg/L.

Complex lithologic facies changes caused by marine trans 
gressions and regressions, and nonmarine deposition produce a 
ground-water-quality distribution that makes classification 
according to formation or coal difficult. Only bicarbonate 
concentration was found to be significantly different among 
individual coal beds, whereas concentrations of bicarbonate, 
hardness, calcium, magnesium, sodium, iron, manganese, and 
strontium were significantly different between the Allegheny 
and Monongahela Formations. Many constituents are signifi 
cantly correlated, but few correlation coefficients are high.
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Discriminant-function analysis (based on 13 water-quality 
constituents and properties) correctly classifies 89 percent of 
the observations collected in this study into the Allegheny or 
Monongahela Formations. As a verification, 39 of 41 observations 
from another study were correctly classified by formation. This 
demonstrates that certain geochemical processes are more dominant 
in one formation than in the other.

The difference in water chemistry between the Allegheny and 
the Monongahela Formations is gradational, and is attributed to 
processes involved in the oxidation of iron sulfide (pyrite). The 
diffusion and availability of oxygen, which controls the chemical 
reaction, is regulated by the porosity and permeability of the 
rock with respect to oxygen and also by the presence or absence of 
carbonates that buffer the pH.

In general, the dissolved-solids concentration is about 
500 mg/L before mining in either formation. The dissolved-iron 
concentration is expected to be higher in the Allegheny, whereas 
dissolved sulfate is expected to be higher in the Monongahela.

In the Monongahela Formation, acid produced as a result of 
pyrite oxidation is buffered by the carbonate rocks. However, in 
the Allegheny Formation, acid production is not buffered and pH 
decreases. When pH is low enough, then the ferric ion also acts 
as an oxidizing agent, and oxidation of the remaining pyrite 
becomes more complete.
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